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Numerical Simulation of satellite charging control
for propellantless orbital control
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the system's lifetime is not limited by the propellant load an it
can extend the spacecraft orbital lifetime. The active spacecraft
potential control (ASPOC) method using charged particle
beam emission have been established, and implemented on
the NASA’s Magnetospheric Multiscale (MMS) mission [10].
However ASPOC have been only used to mitigate the
spacecraft charging, little has been reported on active charging.
Some experiments that observed electron beam emission from
the spacecraft in space were reported [11]-[13]. The SCATHA
satellite and MAIMIK rocket, G-60-S rocket experiments
showed the upper limit of active charging using the charged
particle beam emission. Nevertheless, the effect of background
plasma parameter is not known in detail. To achieve
electromagnetic orbital control, it is necessary to understand
active spacecraft charging in space completely. In this paper,
we investigated active spacecraft charging using electron beam
emission in geosynchronous earth orbit by using numerical
simulation, and showed the effect of background plasma
parameter on active spacecraft charging.

Abstract—Recently, a new concept of satellite orbital control
using the electromagnetic forces such as Lorentz force and
coulomb forces has been proposed. In this paper, we investigated
the satellite surface charging characteristics when electron beam
emitted from the surface for active charging by using numerical
simulation. It is shown that the satellite charging characteristics
in geosynchronous earth orbit (GEO) is divided to two domains.
In one domain, the potential is determined by electron beam’s
initial energy, and in the other domain, the potential is
determined by background plasma parameter. We obtained the
theoretical boundary of these two domains by using orbital
motion limitation (OML) theory and electron beam model used
in this simulation. In addition, we reported the cases that the
satellite potential oscillates near by the boundary.
Keywords—active spacecraft charging; charging control;
electron beam emission;

I.

INTRODUCTION

It is known that a satellite is charged by plasma in space.
Satellite charging on surface is a cause of discharge and
malfunction of electric equipment, therefore a satellite is
designed to mitigate surface charging. However, a new concept
of satellite orbital control using the electromagnetic forces such
as the Lorentz force and coulomb forces has been proposed
recently. Various applications of the electromagnetic force as
the primary means of spacecraft propulsion have been studied
[1]-[5]. A Lorentz force on spacecraft as it travels through a
planetary magnetic field was used to achieve Earthsynchronous orbit [1], propellantless maneuver [2], and
formation flight of satellite[3-6]. The coulomb force between
electrostatic charged satellite is an alternative electromagnetic
force. The concept of formation flying using coulomb force
was first introduced by King et al [7], and then several works
investigated the dynamics, stability, and control of formation
flying [8],[9]. This control method provides propellantless
orbital control and very lightweight propulsion system
compared to conventional chemical and electric propulsion.
This electromagnetic orbital control system may require bigger
power than an equivalent electric propulsion system, although,

II.

ELECTRON BEAM EMISSION

The spacecraft charging will be caused due to collisions with
charged particles in plasma. The balance of current inflow and
outflow determines a surface potential of a spacecraft. In
general, the photoelectron current is larger than background
plasma current; hence the spacecraft potential becomes
positive in the sunshine, and becomes negative in the shade. If
a charged particle beam is emitted from the surface, the
balance points of the potential will changes. This method is
often used to mitigate the spacecraft charging for reducing a
electric discharging on the surface and a difficulty of plasma
measurement. The case of electron beam emission, the balance
of current is represented of the form (1), and the spacecraft
potential rise higher than the natural (no beam emission) cases.
            

(1)

where  is background electron current,  is background
positive ion current,  is the photoelectron current,  is the
backscattered current,  is secondary electron current, 
is electron beam current. If the spacecraft potential is higher
than +10 V,       can be neglected [14]. Neglecting
these terms in (1), we obtain (3). In the numerical simulation
in this paper, we consider these three terms.
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Fig. 1.
The upper limit of active spacecraft charging: The spacecraft
potential attract charged particles emitted from the surface.





  


(3)



(4)
 
where  is the density of emitted electron near the beam
thruster that located at the center of satellite surface,  is the
area of the thruster hole.

To calculate a satellite charging numericaly, we use the
simulation code called HiPIC that is developed by Japan
Aerospace Exploration Agency’s Engineering Digital
Innovation Center (JEDI) [15]. HiPIC has 3-D rectangular
grids, and uses full particle-in-cell (PIC) method for calculate
collision less kinetic plasma. We solve Maxwell’s equations
governing the electromagnetic field evolution and Newton’s
equations of motion for each particle. Satellites are defined as
boundaries of conducting surfaces located at the center of
computational domain. In this simulation, we defined a cubic
Value

Background plasma spiecies

Electron, Proton

Background plasma density

106 ~ 108 /m3

Background plasma temperature

1 ~ 50 eV, Maxwellian

Electron beam temperature

0.1 eV, Drift-Maxwellian

Time step width

10 ns

Grid spacing

0.2 m

System length

25.6 m (128x128x128)

Debye length

~ 23.4 m

Magnetic field

B = (0, 110 nT, 0)

Photoelectron

None

Drift Velocity of background plasma

   km/s

Beam plasma density ( )

 / m3

Beam emission area ()

 m2

66

 

SIMULATION MODEL

Parameter
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satellite model as showed in “Fig. 2”. The surface of a satellite
model is set to 0 V at   , and electron beam emission starts
on   . At the boundaries of computational domain, an
electrical potential set to 0 V as dirichlet boundary condition.
Background plasma in geosynchronous earth orbit is assumed,
excepting high-energy plasma at geomagnetic storms. In
addition, background plasma is assumed to drift in the X-axis
direction at a drift velocity that equals to the orbital velocity in
geosynchronous earth orbit. In “Table 1”, we summarize
simulation parameters used in this simulation. We inputted a
value of beam current  , and then the number of emit
particles per one time step are calculated and their initial
energy given as

particles emitted from the surface is attracted by the spacecraft
potential and impinging to the surface. In this study, we
reported this upper-limit charging is what occurs in the range
of the background plasma parameter in geosynchronous earth
orbit.
III.

   
 

Fig. 2.
Simulation model: 1-meter cubic satellite, the surface of which has
perfect conductivity, is defined at the center of the computational domain.
Electron beam is emitted from the surface and directed Y-axis direction.

In addition, it is known that the upper limit of surface charging
potential is determined by initial energy of emitted electron.
Some observation data showed good agreement with it [11][13]. This is due to returning of beam current as showed in
“Fig. 1”. If the spacecraft potential becomes higher than 
represented as
 

x = 55



   

    

1m cube
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IV.

RESULTS

First, in order to show the potential charactiristics of active
spacecraft charging, we run multiple simulations for various
 values. The surface potential after the potential
converged was plotted on “Fig. 3a”. The horizontal axis of this
TABLE 1.

SIMULATION PARAMETERS

figure is for equivalent accelerating potential of emitted
electron, it is calculated by the initial energy (4) as
   



   





    

(5)

As a result, the surface potential of satellite rise in proportion
to the accelerating potential, which equal to the upper limit of
active charging, in low density background plasma. As
mentioned above, the electron beam returned to satellite
surface attracted by satellite potential. A sectional view at
   of Electron density distribution is shown in “Fig.
3b”. This figure shows that the electrons emitted from the
surface return to the satellite. However, the case of highdensity plasma in GEO (       ), the
satellite potential is very low comparing with the accelerating
potential.
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Fig. 3.
(a)The characteristics of active spacecraft charging using electron emitter (at     ms) (b) Electron density distribution after converged surface
potential.

Second, we investigated the dependence of the satellite
potential on the background plasma parameter in detail. We
varied background plasma density and temperature in
simulation, with electron beam current  is fixed. The
results are shown in “Fig. 4a” for the case of changing the
background plasma density, and temperature is in “Fig. 4b”. In
both figures, the two domains are shown: In one domain, the
satellite potential rise to the upper limit (accelerating
potential), and in the other domain is not. It can be explained
by using orbital motion limitation (OML) [16]. In plasma, a
background electron current  increase in according to
following equation:
   

 




 

 

    

(6)

(11)

both

sides

  





Multiplying by , we obtain
 

(7)

by

(12)

  
    


(13)

Applying quadratic formula to (13), we obtain the theoretical
boundary for background plasma temperature:


(8)


using (5) in this simulation model. Accordingly, substituting
(8) into (7), we obtain
   


 

 




 

 


 

 

Replacing
    and multiplying
  , (11) is expressed as

In addition,  is expressed as

 

(10)

Equation (8) is plotted in “Fig. 4a” as black dotted line. This
equation is good agreement with the boundary of two domains
which are shown in the simulation results. The theoretical
boundary for background plasma temperature can be obtained
in the similar way. Expanding (9) and eliminating coefficients,
we can obtain

where A is a surface area,  is the surface potential. If 
exceeds electron beam current, the balance of current is
satisfied before electron beam becoming returning current.
Thus the satellite potential do not rise the upper limit of active
charging in high-density or low-temperature background
plasma. A boundary of two domains can be obtain in the
following steps. At the boundary, it is supposed that
       


  


    
 

  
    
      
  
 

 






(14)

Equation (14) is plotted in “Fig. 4b” as black dotted line. This
is also good agreement with the simulation results.
Consequently, the active spacecraft charging characteristics in
geosynchronous earth orbit can be represented by using (9)
and (14).

(9)

Solving for  , the theoretical boundary for background
plasma density is obtained:
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Dependence of the potential on background plasma parameter: (a) Background plasma density (b) Background plasma temperature.

Finally, we report the cases that satellite potential oscillates
near the boundary of two domains. As typical example of time
evolution of the surface potential is shown “Fig. 5”. In this
case we set   ,       , and varied
background plasma density. If the cases of    
  , the surface potential converged. The potential
did not converge, however, in the range of  
 . In this range,  is lower than  , hence the background
electron current exceeds the beam current slightly. When the
potential reaches the accelerating potential, the beam current
becomes returning current, and so net current emission
reduces. Meanwhile,  increases as (6). As a result, the
current inflow will exceed greatly the current outflow, and the
surface potential will decrease. At this decreasing phase, if the
potential becomes below the accelerating potential, net current
emission increases because the electron beam will no longer
return. Hence the surface potential oscillates around the
accelerating potential. This phenomenon occurs near the
boundary of two domains. Due to this, to achieve an accurate
active potential control for electromagnetic orbital control,
beam emission should be operated at the point far away from
the boundary.

V.

CONCLUSION

In this paper, we investigated the satellite surface charging
characteristics when electron beam emitted from the surface
for active charging by using numerical simulation. It is shown
that the satellite charging characteristics in geosynchronous
earth orbit is divided to two domains. In one domain, the
potential is determined by electron beam’s initial energy, and
in the other domain, the potential is determined by the
background plasma parameter. We obtained the theoretical
boundary of these two domains, and showed that the
theoretical boundary is in good agreement with the simulation
results. In addition, we reported the cases that satellite potential
oscillates near the theoretical boundary. In the future tasks, we
will analyze the active charging characteristics of the model
that is similar to the actual satellite. Besides we will investigate
the effect of solar wind in the interplanetary space.
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